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FOREWORD

In order to utilize our nuclear fuel resources most efficiently, it is necessary to
have an accurate knowledge of the nuclear properties and cross sections of most ma-
terials used in the design of reactor cores. Having such information available on a
national standard data file would also be useful for simplifying the dialogue between
the utility industry and regulatory agencies and/or vendor organizations. In an
attempt to achieve this dual objective, EPRI has been supporting and participating
in the activities of the "Cross Section Evaluation Working Group" (CSEWG) respon-
sible for the development of the national reference data library--ENDF/B. Sensiti-
vity analysis is an important tool in the development of such a library since it

can provide information on which cross section features are most likely to affect
the results of benchmark calculations. 1In the past such information was obtained

in a parametric fashion by doing a series of calculations, each with a modified
cross section data base. Such an approach permitted a very limited set of modifi-
cations to be tested. Recent advances in computing capability have enabled a few
laboratories to implement more powerful methods based on perturbation theory. In
particular, the method of sensitivity analysis implemented at Oak Ridge National
Laboratory and outlined in Section 8 of this report is capable of simultaneously
determining the dependence of a calculated parameter of interest to variations in
all relevant cross sections over all energy ranges in great detail. Examples of
the resulting "sensitivity profiles" can be seen in Figures 12-31 of this report.

This method of sensitivity analysis has been used extensively by ERDA and the Depart-
ment of Defense for determining priorities in cross section development for fast
breeder reactor and weapons applications. The present project is the first attempt
in applying the method to the relatively more complex problem of thermal reactor
benchmarks.

The following is a 1list of the most important results that have been obtained:

(a) The feasibility of utilizing formal sensitivity analysis methods for thermal
reactor benchmarks has been demonstrated.

(b) The sensitivity profiles that have been obtained will be used as guidelines for
the development of the next version of the national reference data library--
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ENDF/B. These profiles provide a quick check for determining the effect of any
proposed cross section modification on the calculation of the benchmark experi-
ment considered in this project.

(c) The reevaluation of the resonance data for Uranium-238 carried out as part of
this project is expected to help resolve the long standing discrepancy between
the calculated and measured capture rates for this material.

(d) The uncertainties inherent in the cross sections of the primary materials of
interest to this project have been estimated. When these uncertainties are
combined with the calculated sensitivity profiles, the resulting uncertainty
in the calculations that can be attributed directly to nuclear data has been
shown to be smaller than the uncertainties due to methods approximations. An
estimate of the latter can be obtained by comparing the scatter among calcu-
lated results reported by different investigators using the same data base.

The limitations of the project are the following:

(a) Only one benchmark experiment has been analyzed. Although the case that has
been selected is one of the principal CSEWG thermal benchmarks, the number of
materials entering into the composition of this experiment is Timited. Addi-
tional cases, particularly ones containing plutonium isotopes should also be
analyzed.

(b) The method of analysis did not provide for extensive detail to be shown in the
thermal energy range of the sensitivity profile.

The above two points are being addressed in a follow-on project with the same con-
tractor (RP975-3).

O0delii Ozer
EPRI Project Manager
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ABSTRACT

The main purpose of this study is the determination of the sensitivity of
TRX-2 thermal lattice performance parameters to nuclear cross section data,
particularly the epithermal resonance capture cross section of 238U. The per-
formance parameters considered are k cc» 285, 255, 285, and CR. An energy-
dependent sensitivity profile was generated for each of the performance para-
meters, to the most important cross sections of the various isotopes in the
lattice. Uncertainties in the calculated values of the performance parameters
due to estimated uncertainties in the basic nuclear data, deduced in this study,
were shown to be small compared to the uncertainties in the measured values of
the performance parameter and compared to differences among calculations based
upon the same data but with different methodologies.

The ENDF/B-IV 238U cross sections were modified based on recent measurements
and analysis not available to the ENDF/B-IV evaluators. The change from
ENDF/B-IV to the recommended cross sections was divided in four steps and the
performance parameters were recomputed after each step, so that the relative
importance of various modifications to the cross sections could be compared.

A tentative adjusted set of cross section data was obtained, which is con-
sistent with the microscopic measurements and minimizes the weighted differ-
ences between the calculated and measured values of the performance parameters
for TRX-2. The actual adjustments to the recommended data were minimal such
that the recommended evaluation, based solely upon differential measurements,
could be used without adjustment while maintaining consistent agreement with
calculated TRX-2 performance.
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I. INTRODUCTION

Calculated overprediction of epithermal 238U capture in water moderated lat-
tices using ENDF/B data has been a long standing problem! basic to the prediction
of neutron economy and conversion ratio in light water reactors. Measurements of
epithermal/thermal 238U capture indicated a 10% discrepancy based upon data
testing of ENDF/B-III? with an associated 1 to 1-1/2% underprediction of keff‘
ENDF/B-IV predictions® of the measured integral parameters were significantly
improved over those of ENDF/B-III for the uranium systems. However, a signif-
icant dispersion in the reported results3® from independent ENDF/B-IV data
testers, illustrated in part in Table 1, has led to the still unsatisfactory
situation tabulated below.

Table 1. ENDF/B-IV Data Testing Results for Slightly Enriched
Uranium Fueled, Water Moderated Thermal Lattices

K 28,2 255D 284C
Experiment (TRX-1 1.0000  1.324+0.02  0.0995+0.01  0.0934+0.002
ANC 0.9827  1.426 0.1005 0.0957
BAPL 0.9954  1.362 0.0992 0.0948
BNL 0.9880  1.367 0.0993 0.0939
crnLf 0.9824  1.433 0.111 0.0937
EPRI 0.9903  1.344 0.0966 0.0940
GA 0.9855  1.407 0.0982 0.0965
srLd 0.9921  1.365 0.0946 0.0935
Experiment (TRX-2)€  1.0000  0.842+0.C15  0.0622+0.0007  0.0687+0.002
ANC 0.9893  0.890 0.0615 0.0691
BAPL 0.9996  0.859 0.0610 0.0678
BNL 0.9921  0.846 0.0611 0.0663
crnLf 0.9898  0.882 0.067 0.0661
GA 0.9961  0.881 0.0606 0.0700
srLd 0.9977  0.838 0.0576 0.0642

dpatio of epithermal-to-thermal 238U captures.

Ratio of epithermal-to-thermal 23%U fissions.

Ratio of 238U fissions to 235U fissions.

Resonance treatment developed by D. R. Finch.

Uncertainties and nominal values for the TRX-2 experiment have recently been
grevised by Sher et al.3! These are not listed in Table 1.

Chalk River National Laboratory.



The TRX-1 and TRX-2 lattices are water moderated thermal assemblies. In
particular, the TRX-2 fuel rods were fabricated of uranium metal (enriched to 1.3%
235y, clad in aluminum). The rods were 121.92 cm in length and 0.983 cm in diam-
eter, arranged in hexagonal arrays with a water-to-fuel ratio of 4.02. This re-
sulted® in a spectrum considerably softer than the lattice of a typical pressurized
water reactor. The lattice was fully reflected and the perimeter was made as
circular as possible. The significant differences in calculated performance
(Table 1) for these assemblies are not statistical; definitive conclusions cannot
be deduced from Table 1 in terms of "average" results. The dispersion among
reported calculational results is of the same order as the quoted uncertainty in
the integral experiment. Calculated predictions of.keff are from 0.5 to 1.5% low
for TRX-1 and vary from excellent agreement to 1% low for TRX-2 depending upon
the specific analysis methods used. Similarly, values for 28; range from 1.5
to 8% high for TRX-1 and from 0.3% low to 6% high for TRX-2 compared to lo
experimental uncertainties of less than 2%. It appears natural to associate
the underprediction of keff with the overprediction of 238U capture. However,
this picture is far too simplistic since it ignores important factors such
as 235 fission and leakage which will be discussed in detail later in this
report. Other parameters such as 2°§ and 28s depend upon 238U capture only
indirectly through its effect on the flux spectrum. These parameters, which are
indicative of the 235U fission rate and the leakage treatment, also reflect
significant differences between reported data testing from different labora-
tories.

The differences reported above embody at least two analysis problems com-
mon to many applications in reactor physics. First, knowledge of calculation/
experiment is usually not sufficient to evaluate whether such data are really
discrepant. One must determine the uncertainties associated with each and,
if at all possible, separate uncertainties due to methods approximations from
those due to nuclear data. Secondly, the ENDF/B-IV data file for 238y does
not accurately reflect evaluation of currently available differential measure-
ments between 1 and 100 eV. It is clear that many changes can be made, but it
is much less clear which would be significant. Finally, the process of in-
cluding all information, both differential and integral, in the quantitative
analysis process is considered essential to reactor design.

The objective of this project is the determination of a recommended repre-
sentation of the 238U capture cross section based upon available differential




and specific integral data and the quantitative determination of the sensitivity
of thermal uranium lattice (TRX-2) performance parameters to the cross section
shape, magnitude, and representation with emphasis on the first four resolved
s-wave resonances. Sensitivity profiles and covariance matrices developed for
238y capture and 235U fission permit a first quantitative assessment of per-
formance parameter uncertainties due. to concomitant uncertainties in nuclear
data. The application of sensitivity methodology to the understanding of
epithermal 238U capture is directly responsive to recommendations made at the
Seminar on 238U Resonance Capture" and illustrative of the powerful role this
type of analysis can play in planning and analyzing integral experiments.

IT. BACKGROUND AND REPORT ORGANIZATION

Prior to this project initiation, Askew,! Bhat,® Hardy,® Rothenstein? and
others had already suggested that uncertainties in the capture widths of the
first few 238U levels are sufficient to account for the discrepancies between
measured and calculated parameters. Recent measurements by Olsen et al.® and
Liou and Chrien® were directed toward a precise determination of the 238U
cross sections over the first few levels. In evaluating their measurements
relative to ENDF/B-IV, deSaussure et al.l0 note that the ENDF/B-IV file fails to
represent correctly the minima in the 238U total cross section, and even leads
to negative values because: (1) the ENDF/B-IV treatment neglects the contri-
bution of levels outside the resolved range and (2) it is based on the single
level Breit-Wigner approximation which is valid only in the vicinity of the
resonance energy. For those reasons, their experimental data was fitted with a
multilevel Breit-Wigner cross section formalism and appropriate "background"
cross sections were derived with a "picket-fence" model. The results of this
study, as well as other recent measurements, and a careful re-evaluation of the
results of older measuments suggest smaller radiation widths (in the range of
23 mV) for the first few levels of 238U than those of ENDF/B-IV. As part of
this project specific recommendations for the 238U data file (with emphasis
below 100 eV) were developed and used. Covariance files for 238U cross sec-
tions were evaluated over the entire energy region with emphasis placed on the
covariance for the s-wave resolved resonances below 100 eV. Correlations
between capture and neutron widths were included where appropriate. Finally,
preliminary covariance files were also developed for 235U fission and capture
cross sections as well as 238U(n,y) and H(n,y) in the thermal group.



In consultationl! with the CSEWG Thermal Data Testing Subcommittee, the
decision was made to perform sensitivity and uncertainty analysis for the
TRX-2 lattice. This assembly was selected primarily due to the Targe number of
investigators who have previously analyzed this lattice using various versions
of ENDF/B and the associated availability of documentation. The choice of
multigroup energy structure for the analysis of TRX-2 was primarily made with
respect to the 238U total cross section; the details of this choice is described
in Section III. The processing tools used for the multigroup cross section
generation are described in Section IV and these tools were applied to the cal-
culational model for TRX-2 discussed in Section V. The ENDF/B-IV multigroup
cross section data library so derived was tested according to procedures pre-
sented in Section VI. MWith this data file at hand, performance parameters
were calculated and are presented in Section VII along with the associated
fluxes and adjoints. Subsequently, the sensitivity profiles which are defined
in Section VIII were computed. These curves are presented in Section IX for
each of five performance parameters and all important components of the nuclear
data field. The sensitivities enable one to project changes to performance
parameters consequent to hypothesized changes in the nuclear data. Credible
alternative 238U data sets based upon recent measurement and re-evaluation are
described in Section X. The sensitivity coefficients were used to establish
the changes in TRX-2 performance which would be anticipated if this new evalua--
tion were adopted. These alternative data set results are illustrated in
Section XI. The generation of evaluated covariance files is described in
Section XII and the associated processed multigroup covariance files for 235y
are given in Section XIII. These covariance files were used to estimate un-
certainties in calculated TRX-2 performance as presented in Section XIV.
Section XV describes our inferred cross section values consistent with dif-
ferential and TRX-2 data. Lastly, the overall project conclusions are
discussed in Section XVI.

ITII. MULTIGROUP ENERGY STRUCTURE SELECTION

In order to assess the sensitivity of the parameters of interest to the
magnitude and formalism of the s-wave 238U resonances below 100 eV, it was
appropriate to employ an extremely fine energy group structure in this energy
region. Each of the four resonances (6.67, 20.9, 36.8, and 66.2 eV) was
spanned by approximately 24 energy groups which not only provided the cap-
ability of examining these resonances in detail, but also minimized




the approximations made in resonance self-shielding. It should be noted,
however, that the resonance structure of other materials and/or reaction types
[e.g., 235U(n,f)] was not considered in any detail in selecting the group
boundaries. The contributions of the resonance levels above 66 eV are also not
treated in great detail.

The first 23 group energy boundaries (107 eV < E < 102 eV) were chosen to
produce groups of equal lethargy width (i.e., Au = 0.5). The following 107 group
energy boundaries were selected according to the aforementioned criterion.
Cross sections in the epithermal and fast energy ranges were generated using
MINX12/SPHINX13/AMPX. 1% (Cross sections for the single thermal group (E < 0.625
eV) (no upscatter cross section) were provided by EPRI.1> These included
detailed self-shielding, upscattering, and bound atom cross section effects
not presently considered in the MINX12 code. The energy grid used in this
analysis is presented in Table 2, and a comparison of the multigroup cross
section and the ENDF/B 238U total cross section point data are shown in Fig. 1.
Note the fine resolution around the first four resolved resonances.

IV. MULTIGROUP CROSS SECTION GENERATION

The multigroup cross sections for hydrogen, oxygen, aluminum, 235U and
238 derived from ENDF/B-IV were processed using the MINX/SPHINX/AMPX system
which has previously been tested on various fast reactor benchmarks.1® 18 Prior
to actual cross section generation, the system was applied to a number of
TEDIUM!® isotopes to detect whether any numerical anomalies would arise from
the use of an extremely fine energy mesh; none were found. A flow diagram
depicting the relationship between the processing codes involved is presented
in Fig. 2. The function of each module is discussed in chronological processing
order.

The point cross sections for each of the ENDF/B-IV materials (Mat. #1269,
1276, 1193, 1261, and 1262) were reconstructed using the RESEND20 module of
MINX with reconstruction, linearization, and thinning tolerances of 0.5%. This
method proved satisfactory for all materials except 238U (1262). The extremely
large number of points (approximately 93,000 for the capture cross section)
generated made the cost of Doppler broadening and linearization of the various
proposed data sets prohibitive. Prior thinning with the code LINEAR?! was used
to linearize and thin the 238U RESEND data to a manageable number of points



Tabte 2. 131 Group Energy Boundaries for the
EPRI 238U Sensitivity Study

Upper Upper

Group Energy (eV) Group Energy (eV)
1 1.00000+7 47 6.61366+1
2 6.06531+6 48 6.61270+1
3 3.67879+6 49 6.60980+1
4 2.23130+6 50 6.60700+1
5 1.35335+6 51 6.59900+1
6 8.20850+5 52 6.58700+1
7 4.97871+5 53 6.55100+1
8 3.01974+5 54 6.52300+1
9 1.83156+5 55 6.50400+1
10 1.11090+5 56 6.46200+1
11 6.73795+4 57 6.38000+1
12 4.08677+4 58 6.32200+1
13 2.47875+4 59 5.30000+1
14 1.50344+4 60 3.97000+1
15 9.11882+3 61 3.87600+1
16 5.53084+3 62 3.81850+1
17 3.35463+3 63 3.78100+1
18 2.03468+3 64 3.75200+1
19 1.23410+3 65 3.72100+1
20 7.48518+2 66 3.69800+1
21 4.53999+2 67 3.69146+1
22 2.75364+2 68 3.68491+1
23 1.67017+2 69 3.68300+1
24 1.01310+2 70 3.68108+1
25 9.36000+1 71 3.67917+1
26 9.30000+1 72 3.67725+1
27 9.12800+1 73 3.67534+1
28 9.06250+1 74 3.66767+1
29 8.97500+1 75 3.66000+1
30 8.87500+1 76 3.65000+1
31 8.39200+1 77 3.63800+1
32 8.32000+1 78 3.60955+1
33 8.18000+1 79 3.57800+1
34 8.00000+1 80 3.54900+1
35 6.86800+1 81 3.51200+1
36 6.79800+1 82 3.46000+1
37 6.75000+1 83 2.30000+1
38 6.68700+1 84 2.24500+1
39 6.65900+1 85 2.19500+1
40 6.63800+1 86 2.15800+1
4] 6.62200+1 87 2.13000+1
42 6.61975+1 88 2.11000+1
43 6.61750+1 89 2.10000+1
44 6.61654+1 90 2.09626+1
45 6.61558+1 91 2.09252+1
46 6.61462+1 92 2.09152+1




Table 2 (Cont'd.)

Upper Upper
Group Energy (eV) Group Energy (eV)
93 2.09053+1 113 6.78000+0
94 2.08953+1 114 6.71000+0
95 2.08854+1] 115 6.69690+0
96 2.08754+1 116 6.68387+0
97 2.08377+1 117 6.67830+0
98 2.08000+1 118 6.67280+0
99 2.07600+1 119 6.66720+0
100 2.06000+1 120 6.66170+0
101 2.04000+] 121 6.65616+0
102 2.01500+1 122 6.64310+0
103 2.00000+1 123 6.63000+0
104 1.98000+] 124 6.56000+0
105 1.92600+1 125 6.40000+0
106 1.05000+1 126 6.25000+0
107 9.93000+0 127 6.15000+0
108 8.06000+0 128 5.95000+0
109 7.51000+0 129 5.50000+0
110 7.19000+0 130 1.00000+0
111 7.01000+0 131 6.25000-1
112 6.90000+0 1.00000-5

(approximately 33,000). Point cross sections for the alternative 238U data sets
(to be discussed in Section X) were created using the NPTXS module of the AMPX
code system. The NPTXS module employs a user-controlled energy mesh to describe
the resonances reconstruction. This procedure generally results in significantly
fewer energy points than the RESEND algorithm but with only qualitative accuracy
estimates.

The thinned and linearized point cross section data sets for all the mate-
rials generated were then group averaged and the Bondarenko factors calculated
for various background cross sections using the MINX code. The weight function
used for the averaging process consisted of a Maxwellian at 300°K in the thermal
range with an upper energy cutoff of 0.625 eV coupled to a 1/E spectrum joined
to a fission spectrum at high energies. (The breakpoint was taken to be 67 keV
and the temperature of the fission spectrum was taken to be 1.27 MeV corres-
ponding to the ENDF/B-IV value for the thermal fissions in 235U.) The thermal
cross sections generated during this process were not used because of the
inability of the MINX code to perform upscatter corrections. The upscatter cor-
rected and self-shielded thermal data, including bound atom effects, used in
this study was supplied by EPRI.1> These were obtained from a 30-group THERMOS22
calculation.
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Fig. 1. The 238U Total Cross Section from 1 to 100 eV; Multigroup vs Point Data.
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The scattering cross section for all the energy groups above thermal were
expanded through P; except for hydrogen. The hydrogen scattering matrices were
expanded through order 5. This was done to correctly account for the forward
peaked angular distribution of neutrons scattering from hydrogen in the labora-
tory system leading to an energy distribution appropriate for the fine energy
mesh used in this study. Later results indicated that a P3; expansion would
have been sufficient. The thermal cross section data consisted of a transport
corrected Py set. (In practice, this was run as P;, with the P; component set
to zero.) This involved the assumption that all anisotropic scattering effects
can be accounted for by use of the transport cross section instead of the total
cross section.

This multigroup averaging process generated three cross section data files:
ISOTXS and BRKOXS files and an AMPX master file. The first two files are
standard reactor physics interface data files which are used in programs which
perform Bondarenko self shielding. The AMPX file is a much more general inter-
face containing all multigroup constants including partial reactions, transfer
matrices, etc. The AMPX master files for inelastic scattering for each nuclide
were then merged in the AJAX module and their scattering matrices normalized to
the total inelastic scattering cross section in the CORR module. The ISOTXS
and BRKOXS files were merged using the LINX23 code in preparation for input to
SPHINX.

The SPHINX program was used to perform the interpolation for the appro-
priate background cross section and temperature to generate the applicable
self-shielded cross sections for the epithermal energy region. The f-factors
were calculated using Eqs. (1) as an approximation?* to the Dancoff factor for
an infinite lattice of cylindrical pins in a tri-angular pitch array.

C= exp(-rszvl/vo)/[1+(1-r)zmivl/v0] (1a)
where
t = [/n/(273) A+ - 11/ (V1/V) - 0.12 (1b)
% = 2Rg
Vo = volume of fuel, V; - volume of moderator

10



The volume ratio is calculated from concentric fuel and moderator cylinders
whose radii are input to the subroutine. The mean chord length is also computed
from these parameters (see Fig. 3). The Dancoff function, e, is then used to ob-
tain a modified microscopic background cross section. The self-shielded cross
sections were then folded with the remaining infinitely dilute multigroup data
from the merged AMPX master file using the CHOXM module of AMPX. The entire self-
shielded library was then processed through the NITAWL module to produce a cross
section Tibrary in an ANISN25 format. An isotope weighted fission spectrum was
generated using the XLACS module in AMPX.

§
| IR
t (
1 ]
b
|
y] =2RF ] |
2 n 2
vR =J1. Pu Re
0 RFZ

Fig. 3. Cylindrical Cell Using Sauer's Approximation for the
Dancoff Correction in a Hexagonal Lattice.

V. DISCUSSION OF THE CALCULATIONAL MODEL

A. The Reactor Model

A calculation model consisted of a single cylindrical cell with dimensions
in accordance with the benchmark specifications.2® These are repeated here for
completeness in Table 3. A white isotropic boundary condition was applied at
the outer cell boundary to simulate an infinite array. Neither a white nor a

reflected boundary condition (the only two options in ANISN) is exact for one-
dimensional cylindrical geometry. The white boundary condition assumes that the

flux is isotropic on the cell boundary. The reflected boundary condition assumes
reflection on a cylindrical boundary which is not the physical situation.

11



Table 3. The Cylindricized Calculation Model of
the TRX-2 Hexagonal Lattice

Quter Radius Concentration
Region (cm) Isotope atoms/barn-cm
Fuel 0.4915 235y 0.0006253
238y 0.047205
Void 0.5042 - -
Clad 0.5753 231 0.06025
Moderator 1.14109 14 0.06676
189 0.03338

Total Buckling = 0.005469 cm 2

However, there was virtually no dependence of the calculational results on the
choice of boundary conditions (a difference of approximately 0.01% in all param-
eters). The group flux near the cells outer boundary was the only calculated
quantity to change (approximately 1.0%).

A S, Gauss Legendre quadrature set was used for all ANISN calculations.
The spatial mesh is presented in Table 4. Extremely fine intervals were used
near the outer boundary of the fuel zone (Zone 1) in order to account. for the
spatial self-shielding effects of the fuel, especially in the energy groups near
the lower resolved resonances in 238y,

Initially three eigenvalue calculations were performed to assess the effects

of the interaction of fine energy mesh and the higher order scattering in hydrogen,

S16P1> S16P5> and S;gPs. There was no noticable spectral shift between the Pj
and the P5 calculation and also no change in the eigenvalue. There was, however,
approximately a 1% increase in leakage from the aluminum clad into the water
moderator and also a 0.036% decrease in the eigenvalue in going from P, to Pj.
Thus, it was concluded that a P; expansion for hydrogen was inadequate and a

P; sufficient. A1l subsequent calculations were performed as S;¢Ps calculations
because of the insignificant cost of including the extra scattering moments.

The adequacy of the spatial mesh was tested by comparing the reaction rates
calculated by ANISN using various refinements of the mesh. (280 is extremely
sensitive to errors in the flux caused by "diamond difference breakdown.") The
mesh was judged to be adequate when the increased refinement of the mesh
produced no change ( < 0.1%) in this reaction rate ratio.

12




Table 4.

The Spatial Mesh for the
TRX-2 Cell Calculation

Interval Zone No. Radius
1 1 J
2 1 4.09091E-02
3 1 8.18181E-02
4 1 1.22727E-01
5 1 1.63636E-01
6 1 2.04545E-01
7 1 2.45454E-01
8 1 2.86364E-01
9 1 3.27273E-01
10 1 3.68182E-01
11 1 4.09091E-01
12 1 4 .50000E-01
13 ] 4.55000E-01
14 1 4.60000E-01
15 1 4.65000E-01
16 1 4.70000E-01
17 1 4.74000E-01
18 1 4.77000E-01
19 1 4.80000E-01
20 1 4.82000E-01
21 1 4.83000E-01
22 1 4.84000E-01
23 1 4. 85000E-01
24 1 4.86000E-01
25 1 4.87000E-01
26 1 4.88000E-01
27 1 4.89000E-01
28 1 4.90000E-01
29 1 4.90500E-01
30 1 4.91000E-01
31 2 4.91500E-01
32 2 4.97850E-01
33 3 5.04200E-01
34 3 5.18420E-01
35 3 5.32640E-01
36 3 5.46860E-01
37 3 5.61080E-01
38 4 5.75300E-01
39 4 6.31879E-01
40 4 6.88458E-01
41 4 7.45037E-01
42 4 8.01616E-01
43 4 8.58196E-01
44 4 9.14775E-01
45 4 9.71354E-01
46 4 1.02793E GO
47 4 1.08451E 00
48 1.14109E 00

13




B. The Leakage

The initial attempt to use the simplistic leakage model in ANISN, Eq. (2),
for energy group g, spatial region i proved to be inadequate due to spectral ef-
fects in the leakage. Equation (2) assumes that the flux in each energy group is
cosine shaped in the axial direction.

| m
2 =
(DB )g,i 31; (H + 1.5208971; (2)

g,i g,i

Since the cell height, H, is the only input parameter a more sophisticated es-
timation of the region and energy dependent leakage was made using the three-
dimensional Monte Carlo code KENO.27 A three-dimensional, infinite triangular
pitch array with rod spacings of 2.1740 cm and a height of 40.81 cm corresponding
to the measured buckling of 0.00549 cm 2 was calculated using the 131 group self-
shielded cross section library. The region and energy dependent leakages were
caiculated, normalized to the flux and edited.

The group and region dependent leakages edited by the Monte Carlo code KENO
usually contain a number of zero leakages due to the statistical nature of the
calculation. This is particularly true for fine (narrow) energy groups or groups
with large total cross sections.

The following procedure was implemented to synthesize leakages for the
statistically zero leakage groups. The method is approximate, but is an im-
provement over the current procedure of using the zero leakages and searching
for a keff'

It is known that the leakage normalized to the flux (DBZ) varies approxi-
mately as follows:

DB2 ,\,]_ (3)

2TR

where Z1R is the region dependent macroscopic transport cross section. If the
geometric buckling, B2, is assumed to be independent of the transport cross
section, I1pe it follows that:

DBZ x Iip = ¢ (4)
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where ¢ is constant.

Since ANISN usually uses the total cross section, Ips rather than the trans-
port cross section, Eq. (4) is further approximated by Eq. (5).

2 =
DB x z; = ¢ (5)

If this equality is assumed to hold for each energy group, g, then it follows
that:

2 g-1
(DS )g _ zTg )
(DB )g_] I3
or
g-1
2y = 2 T 7
(DB )g = (DB )g-] ';;;" (7)
T

The weight functions, E%']/Zg, are easily calculated from a macroscopic
cross section library for each region and group. The DB? values from KENO must
then be edited to remove the terms with poor statistics (i.e., 100% deviation
in the flux or leakage). This cropped leakage set is then folded with the
synthesis factors to compute the complete leakage set. These leakages were
then input into ANISN by augmenting the total cross section in each group and
region by the calculated DB? values. The problem is then run with this new
cross section set in the zero buckling mode.

VI. CROSS SECTION LIBRARY TESTING

At this Jjuncture, an effort was made to assess the validity of the ENDF/B-
IV multigroup cross section Tibrary. To this end the infinitely dilute cap-
ture resonance integral based on ENDF/B-IV was calculated for 238U using both
the point data and the multigroup data. Calculated resonance integrals of
278.355 b and 278.352 b were obtained for the point data and the multigroup
data, respectively. A lower energy cutoff for the integration of 0.625 eV
was assumed. These values agree favorably with an analytic estimate of
278.457 b. A similar calculation was performed for the infinitely dilute fis-
sion resonance integral of 23%J. Calculated resonance integrals of 265.542 b
and 265.460 b were obtained for the point data and the multigroup data,

15



respectively. As before a lower cutoff of 0.625 eV was assumed. These values
also agree with Hardy's?8 value of approximately 265 b. These results indicated
that there was no significant error introduced during the multigroup averaging
of the infinitely dilute smooth cross sections for the important heavy nuclides.

A second confirmation was obtained using a 218 group cross section library2°
which was developed independently at ORNL using the AMPX system. This library
was generated for criticality safety studies and contains 27 thermal groups (E <
0.65 eV) and the upscatter cross sections for the lower 77 groups (E < 3.05 eV).
The AMPX data was then collapsed using a calculated weight function similar to
that used in THERMOS (i.e., TRX-2 cell calculation fluxes). The results of this
collapse and a comparison with the thermal cross sections provided by EPRI is
presented in Table 5. The cross sections from both data sets are consistent
except for the transport cross sections and the hydrogen and oxygen scattering
cross sections.

Table 5. TRX-2 Thermal Data

Region
No. Nuclide XF1SS XABS XNUFISS XTOT XsC XTR
EPRI [THERMOS]
1 235y 396.778 465.582 959.725 481.331 15.749 490.461
1 238y 0.0 1.925 0.0 10.861 8.936 16.041
2 Al 0.0 0.170 0.0 1.536 1.366 1.458
3 H 0.0 0.256 0.0 32.577 32.321 23.940
3 0 0.0 1.38-4 0.0 5.855 5.854 12.141
ORNL [AMPX
1 235y 397.580  465.755 961.50 480.934 15.179 629.025
1 238y 0.0 1.939 0.0 10.881 8.942 11.412
2 Al 0.0 0.170 0.0 1.517 1.347 1.562
3 H 0.0 0.256 0.0 43.631 43.376 38.364
3 0.0 1.3684-4 0.0 3.747 3.747 3.748
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The discrepancy in the transport cross sections was found to be in the ap-
proximations chosen from those available in AMPX. A Py free gas model was used
to generate the thermal data for all the nuclides except for hydrogen which was
generated from the S(a,R) data in ENDF/B-IV, i.e., isotropic scattering from a
free gas model was assumed; therefore no higher order scattering data was avail-
able to perform the transport correction of the total cross section. The AMPX
transport cross sections shown in Table 5 are therefore probably invalid.

A resolution of the discrepancy in the hydrogen and oxygen scattering cross
sections is somewhat more elusive. A search of recent literature revealed that the
experimental value of the transport cross section for water lies between approx-
imately 2.08 and 2.32 cm ! (see ref. 30). The EPRI and AMPX data give cross
sections of 2.34 and 2.69 cm ! respectively. Based on better agreement with
experiment, the EPRI thermal cross section data was selected as the better data
set and was used throughout the TRX-2 analysis.

Another integral check was made on the cross section library, using the
one-dimensional model of a TRX-2 cell. A k_eigenvalue was performed and gave
a value of 1.1591 which is in excellent agreement with the 1.1587 value quoted
by Hardy.

The final check made of the cross section library was the calculation of
keff using the 218 group (with full upscatter) cross section set and comparison
to the results obtained with the 131 group cross section set using the standard
ANISN treatment of the leakage. Eigenvalues of 1.05154 and 1.04921 were cal-
culated, respectively. Note that this indicates that thermal transport cross
section values for the heavy nuclides are relatively unimportant as the free gas
approximations cited earlier are used in the 218 group library. For a given
geometry model, independently processed cross section libraries result in
equivalent predictions for keff‘ Any discrepancies in keff with other accurate
analyses would most likely be due to different treatments of leakage or
discrepancies in the thermal cross section.
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VII. ENDF/B-IV RESULTS

A. Fluxes and Adjoints

An S,gP5 calculation was performed using ANISN and the ENDF/B-IV based
multigroup library discussed in the previous sections to generate the forward and
adjoint fluxes for the TRX-2 cell. Figures 4, 5, and 6 present the neutron flux
spectra at the fuel centerline, the fuel surface, and the moderator center,
respectively. The flux at each location has a degraded fission spectrum shape at
high energy and a 1/E shape (constant flux/lethargy) below approximately 10 keV
with inverse structure corresponding to 238U cross section resonances (Fig. 7).
The structure becomes more pronounced as penetration of the fuel increases
corresponding to significant spatial self shielding. [Note that the fluxes
(and adjoints) have all been plotted on the same scale so that this effect
would be clearly observable.] The use of a single thermal group below
0.625 eV has masked the Maxwellian at low energies, but a slight increase in the
spectrum is noticeable. The flux peak at approximately 95 eV is due to the
cross section minimum below the 102.7 eV resonance.

The adjoint flux spectra at these three locations are illustrated in Figs.
8, 9, and 10. The adjoint flux at each location has a relatively large value
at high energies due to fast fissions in 238, It then decreases with decreas-
ing energy to below the 238U fission threshold. The adjoint spectra begin to
rise again with decreasing energy since the 238U capture cross section increases
less with decreasing energy than the 235U fission cross section. In general, the
adjoint fluxes have a shape corresponding to vzf/za of the fuel with degradation
of the structure by hydrogen scattering becoming more important in spatial
regions closer to the water moderator.

The fission spectrum used in the calculation of both the forward and adjoint
flux is an isotope weighted distribution as calculated by AMPX.1*

B. Performance Parameters

The ORNL caiculated nominal values for keff’ 28,5, 255, 285, and CR
(238y captures/235U fissions) are presented in Table 6. The measured values are
also reported for comparison. The corresponding set of CSEWG data testing
results was presented in Table 1 of this report.
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Fig. 7. The Macroscopic 238U Total Cross Section.

(NOTE: The peak in the total cross section at 1 eV is due to an error in the processed
238y scattering cross section. This error was later shown to have no effect on any of

the final results of this study. The capture cross section is correct.)
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Table 6. TRX-2 Performance Parameters
Based Upon ENDF/B-IV

a ORNL
Parameter Experiment Calculation
keff 1.0000 1.0012
28, 0.837+0.016 0.867
255 0.0614+0.0008 0.0602
28g 0.0693+0.0035 0.0698
CR 0.647+0.006 0.645

3See ref. 31. Note these experimental values
reflect the latest available results.

The ORNL calculated eigenvalue (keff) is aproximately 0.1% higher than
unity. A significant calculational uncertainty arises from our assuming a total
buckling corresponding to a height of 40.81 cm corresponding to the measured
buckling and estimating the energy dependent fast leakage by Monte Carlo.

Indeed in a recent communication, J. Hardy2® indicates that three-dimensional
explicit modeling of the actual lattice (as opposed to our one-dimensional
calculation with the specified buckling) may reduce the BAPL computed eigenvalue
by up to one percent. In addition, the estimated uncertainty (lc) associated
with our equivalent DB? values for the prescribed benchmark buckling is approx-
imately 3.5% above 100 keV arising primarily from lack of statistics in the
Monte Carlo calculation at high emergies. (The uncertainty is much less at
lower energies.) Using the computed sensitivities to the group-and region-
dependent DB? (see Section VIII), the uncertainty in keff associated with this
numerical procedure is approximately +0.5%. It is clear that these considerations
preclude inference of detailed information regarding 238U capture cross sections
from-calculations of keff' Fortunately, these leakage and modeling effects have
little sensitivity for the calculation of 28p (<0.1%) which is the focus of the
present study. In general, such uncertainties for keff make our results con-
sistent with most of those reported in Table 1. It is difficult to be more
precise at this time, since a quantitative measure of the calculational un-
certainty was not provided by any of the data testers. There is no doubt that
analysis of uncertainties in various calculations would be a worthy endeavor,
but this was considered beyond the scope of this six month study.

The situation for calculating 28y is different than that for Kege in that
there is little sensitivity to leakage effects. The uncertainty in DB2
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referred to above translates to only ~1% uncertainty in 28, based upon the sen-
sitivities described in the next section. There is more reason to be confident
in the multigroup processed cross section set based upon excellent agreement in
the calculation of k_ with the independent analysis of Hardy (1.1591 compared

to 1.1587), agreement for keff (1.0515 compared to 1.0492) compared to the NRC
218 group data set (see Section VI) for a given model, and comparison of resonance
integrals (278.35 compared to 278.46 for 238U[n,y]) etc. The ORNL value for 28p
is between 1 and 2¢ higher than the quoted experimental value. The value also
lies between a significantly dispersed set of reported CSEWG data testing results
(e.g., SRL 28, = 0.839, ANC 28, = 0.890). Our calculational model was tested
with regard to selection of boundary conditions, Legendre order, SN order, and
spatial mesh. Errors incurred due to the choice of these parameters were
reduced to less than 0.1% in 28. We have found in our study that 28 is
extremely sensitive to errors in the flux caused by diamond difference breakdown.
[Note the particularly fine spatial mesh .required at the fuel moderator inter-
face (Table 4).] Figure 11 illustrates the 238U capture rate per unit lethargy
at the fuel-moderator interface in TRX-2. Analysis of this plot reveals that

in the epithermal range 70.8% of the captures take place in.the first four
resonances. With respect to capture in these four resonances, 17.1% takes

place near the peak (on;T), and 53.7% takes place in the wings. Capture in

the wings of the resonance becomes relatively more important near the center

of the fuel (due to spatial self shielding) but involves a smaller total volume.
Although the group structure was tailored to the 238U total cross section, the
question of the rigor with which self-shielding effects were treated always
remains, particularly when we speak of shielding from other nuclides and reac-
tion types. The authors believe such effects to be negligible for 28 and
estimate the uncertainty in calculated 28p due to self-shielding treatment to

be of the order of 0.3%. Finally, it should be clear from the discussion in

the last two paragraphs that predictions of keff and 28y are not necessarily fully
anti-correlated due to 238U capture since leakage and other effects (e.g.,
inelastic scattering) can have a major impact on keff and negligible effect

on 28, (see Section VIII).

The ORNL nominal value of 25§ is approximately 2% lower than the measured
value which is quoted with 1% uncertainty. Other CSEWG data testers (except
CRNL) also underpredict 23§ (e.g., SRL 256 = 0.0577). This parameter obviously
has high sensitivity to the 235U fission cross section and is also very
dependent on the thermal 238U capture cross section (see Section VIII) as
well as the H'scattering and capture cross sections. The ORNL calculation of
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. TRX-2 U-238 CAPTURE RATE AT THE FUEL SURFACE
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Fig. 11. The TRX-2 238U Capture Rate at the Fuel-Void Interface,








































































































































































































































































